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The physics of weak itinerant ferromagnets is challenging due to their small magnetic
moments and the ambiguous role of local interactions governing their electronic properties,
many of which violate Fermi-liquid theory. While magnetic fluctuations play an important role
in the materials’ unusual electronic states, the nature of these fluctuations and the paradigms
through which they arise remain debated. Here we use inelastic neutron scattering to study
magnetic fluctuations in the canonical weak itinerant ferromagnet MnSi. Data reveal that
short-wavelength magnons continue to propagate until a mode crossing predicted for
strongly interacting quasiparticles is reached, and the local susceptibility peaks at a coher-
ence energy predicted for a correlated Hund metal by first-principles many-body theory.
Scattering between electrons and orbital and spin fluctuations in MnSi can be understood at
the local level to generate its non-Fermi liquid character. These results provide crucial insight
into the role of interorbital Hund’s exchange within the broader class of enigmatic multiband
itinerant, weak ferromagnets.
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Understanding the underlying interactions in weak itiner-ant ferromagnets (e.g. ZrZn2, MnSi or Ni3Al) poses alongstanding challenge in condensed matter physics1,2.
The seminal theory of itinerant spin fluctuations by Moriya3
provides important insight, yet neglects the effects of local and
short-range effects in their complex electronic properties. Clear
indications of these strong correlation effects such as the con-
siderable enhancement of the low-temperature electronic specific-
heat and non-Fermi-liquid (NFL) behavior have posed a persis-
tent challenge to synthesizing a complete understanding of both
the many-body phenomenology and the (local) electronic struc-
ture of these transition-metal compounds. Common, highly local,
approaches built from Mott-physics usually associated with var-
ious transition-metal oxides also fail in this endeavor.
The phase behaviors found in MnSi are particularly emble-
matic of the complexity of the interplay between local interactions
and itinerancy at this frontier, and the coupling between itinerant
electrons and magnetic order in MnSi has remained of sustained
interest for decades4–9. Local magnetic interactions favor a fer-
romagnetic phase at low temperature; however its non-
centrosymmetric lattice allows a global Dzyaloshinskii–Moriya
interaction to create a long period, helical modulation of the
locally ferromagnetic moments10. As such, MnSi has served as a
model material at both the long-wavelength limit for exploring
topological spin defects6 (skyrmions)11 coupling to charge
carriers12,13 as well at the short-wavelength limit, where weak
ferromagnetism provides a rare experimental realization of
magnon decay within a particle–hole (Stoner) continuum14.
Underlying this is the notion of prototypical itinerancy in MnSi’s
charge and spin degrees of freedom—a view supported by the
observation of strongly screened moments15,16, and the success of
conventional band-based models in capturing the qualitative
features of low-energy magnon propagation11,17.
MnSi nevertheless exhibits signs of significant electronic cor-
relations. Large electron mass renormalization and strong qua-
siparticle damping have been detected in both de Haas-van-
Alphen and angle-resolved photoemission (ARPES) measure-
ments18–20. An extended NFL phase has been identified under
pressure4, and indications for NFL behavior are also observed in
the optical conductivity21 at ambient conditions. The root of
these departures from the expectations of conventional Fermi-
liquid theory and the role of electron correlations remain open
questions.
The interplay of the charge and spin degrees of freedom in
itinerant magnets is effectively studied via measurements of the
dynamic magnetic susceptibility χ″(q,Ε)22,23. Inelastic neutron
scattering measurements mapping broad regions of momentum
(q) and energy (E) space directly sample χ″(q,Ε), and, when
combined with density functional theory (DFT) paired with
dynamical mean-field theory (DMFT) to describe realistic cor-
relation effects, considerable insight can be gained. For instance,
DFT+DMFT can probe the energy scales of local orbital and local
spin coherence directly accessible in neutron measurements24,25.
This aspect is critical for identifying and understanding properties
of Hund metals26–28.
In a Hund metal, strong electronic correlations do not stem
from the intraorbital Coulomb repulsion U, but instead mainly
arise from the effects of the interorbital Hund’s exchange JH
acting within a broad bandwidth orbital manifold—optimally one
with an occupation of one additional electron or hole away from
half filling29. The separation of spin and orbital screening energy
scales is a common feature of these unusual metals, with Fermi-
liquid behavior only appearing well below the lowest screening
scale. In the separation regime, incoherent phenomenology
appears such as bad-metal or non-Fermi-liquid behavior26,29, and
prominent examples of Hund metals are established in iron-based
superconductors and in ruthenates29–31.
In this work, we present a study of the MnSi high-frequency
dynamic susceptibility χ″(q, Ε) unveiling signatures of strong
correlation effects consistent with those of a Hund metal. Over-
damped low-frequency magnon modes disperse within the
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Fig. 1 Dispersion of spin fluctuations in MnSi away from the low-q limit. a Illustration depicting low-q spin waves (green lines) entering the Stoner
continuum (shaded light blue) and continuing dispersing toward the zone boundary. A second decay channel is accessed at the crossing with the Δ-mode
(dashed red line) and a continuum of spin fluctuations onsets (vertical shaded green bar). b High-energy continuum of spin excitations in MnSi collected at
Ei= 150meV and T=5 K. c Low-energy dispersion of damped magnons within the Stoner continuum, collected with Ei = 30meV at T= 5 K. d, e The
dispersion of spin excitations via constant energy slices of S(q,Ε) at 75 and 7.5 meV, respectively (H is centered about H=−2). Black dashed lines in
b denote the zone boundaries at ξ = 0.5 r.l.u. Black dashed circles in d and e signal the ring-like spin wave excitation, where the radii are in line with the
fitted values from b and c and Fig. 2. The color bar denotes scattering intensity in arbitrary units with high scattering intensity in red and low scattering
intensity in blue.
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scale is reached and the modes’ coherence are abruptly lost into a
non-dispersive continuum of excitations. This energy scale is
captured within DFT+DMFT calculations incorporating both JH
and a modest Hubbard U, where the momentum-integrated local
orbital susceptibility χ00loc Eð Þ peaks at the onset of the magnon
continuum. Our results capture the previously reported violations
of Fermi-liquid behavior in MnSi as seen by optics21 and
demonstrate that correlations originating from JH drive sub-
stantial renormalization of the electronic spectrum and low-
energy properties. This establishes MnSi as an example of an
unconventional Hund metal, where a lower-lying orbital coher-
ence scale cuts off damped-magnon propagation, and suggests an
application of the Hund-metal framework to a broader class of
anomalous, weak itinerant ferromagnets32,33.
Results
Neutron scattering experiments. Well-defined spin waves at low
energies are known to appear in the ferromagnetic phase of
MnSi11; however, the spin excitations at higher energies relevant
for understanding interactions within the metallic state are rela-
tively unexplored. This is largely due to the fact that, as the spin
waves disperse upward in energy, they enter the Stoner con-
tinuum, access a decay channel into the particle–hole excitations
above E ≈ 3 meV (q > 0.2 Å−1), and rapidly become damped34.
Once in the Stoner continuum, these damped magnons continue
dispersing toward the zone boundary with a similar spin stiffness
as that observed in the low-q regime—an overall phenomenology
consistent with a number of itinerant magnets35–38. Figure 1a
illustrates this progression of magnetic excitations as a function
increasing crystal momentum.
Our inelastic neutron scattering measurements begin by
exploring spin excitations within the damped regime where the
spin waves have already entered the Stoner continuum. At these E
and q values, the low-energy/long-wavelength helical modulation
of the ferromagnetic state can be neglected, and the system may
be viewed as damped ferromagnetic spin waves. Figure 1b–e
illustrates the dispersion of these excitations about the q= (−2, 0,
−1) magnetic zone center both upon entering the Stoner
continuum above 3 meV and their transformation into a
continuum of non-dispersive fluctuations at higher energies.
Notably, this high-energy continuum develops before the
magnetic zone boundary is reached at ξ= 0.5 r.l.u., which is
further illustrated in Fig. 2.
Figure 2a, b shows the parameterization of the spin fluctuations
as they disperse within the Stoner continuum of MnSi.
Excitations along high symmetry directions are shown as they
broaden in q, and the modes’ lifetimes decrease. This is
parameterized by fitting the excitations to the form
I Eð Þ / γE
E2E20ð Þ2þ γEð Þ2, where E0 is the mode energy and γ plotted
in Fig. 2d parameterizes the damping of the mode. As the damped
magnons enter the continuum, γ increases linearly with
increasing energy, consistent with models of coupled localized
spins and conduction electrons39. At the lowest energy measured
(E= 3 meV), the spectrometer’s resolution may convolve broad-
ening into the γ-term due to helimagnon modes from multiple
allowed domains17. However, this effect is quickly superseded as
the dynamics cross the threshold into the Stoner continuum (E >
3meV) and become intrinsically damped14. Near 30 meV, the
dispersion toward the zone boundary ceases and the values of γ
diverge. This marks the onset of a true continuum of magnetic
fluctuations between q= 0.6− 0.75 Å−1 depending on the
position within the zone. At all points however, the continuum
develops before the wave-vector of the magnetic zone boundary
(marked as dashed lines) in Fig. 2a, b. This abrupt decay of spin
fluctuations suggests an additional decay channel is opened inside
the continuum.
An added decay channel is predicted when quasiparticle
interactions are considered. The inclusion of higher-order Landau
parameters developed for an interacting ferromagnetic Fermi
liquid predicts the stabilization of a gapped mode comprised of
transverse spin fluctuations40,41 (which we label as the Δ-mode).
Although the Δ-mode is difficult to measure directly, it can
propagate (albeit damped) through the continuum, and when its
dispersion crosses with that of the transverse spin fluctuations
(shown in Supplementary Information), an additional damping
channel is accessed and the damping rates of the excitations
diverge. Model dispersion and lifetimes of these modes in an
isotropic model using the l= 0 and l= 1 Landau parameters for
MnSi are plotted in Fig. 2c. The inclusion of the l= 1 Fermi-
liquid parameter is the source of the many-body spin–orbit
interaction in the ferromagnetic phase that stabilizes the Δ-
mode42. This feature also implies that the correlations go beyond
local correlations as in a local model the l= 1 parameter is zero43.
Despite ignoring the complexity of the multiband nature of MnSi
and the naive breakdown of the small-q approximations of the
theory as the zone boundary is approached, this picture
qualitatively captures the onset of the continuum of spin
fluctuations in the data. It also hints that strong quasiparticle
correlations are essential to understanding the electronic
spectrum of MnSi and invites the exploration of local correlation
effects in a multiband picture.
DFT + DMFT modeling and analysis. The DFT+DMFT
scheme was employed to understand the correlated electronic
structure for MnSiʼs predominant Mn(3d6) character as identi-
fied experimentally16. Figure 3a displays the initial nonmagnetic
band structure from DFT. Upon the inclusion of local Coulomb
interactions via U= 2 eV and JH= 0.65 eV on the Mn sites, the
multi-sheet Fermi surface is strongly modified. The spectral
function A(k,ω) of paramagnetic MnSi (Fig. 3b) acquires sub-
stantial band narrowing, sizable shifts of quasiparticle-like dis-
persion as well as strong incoherence effects away from εF. These
features are consistent with strong correlation effects identified in
de Haas-van-Alphen and ARPES measurements15,17, where, for
instance, the emerging electron pocket at the M point as well as
the strongly renormalized occupied states at the Γ point (both
absent in DFT) appear. A comparison of the Fermi surfaces
computed with DFT versus DFT+DMFT is further shown in
Supplementary Fig. 7.
Strong correlation effects resulting from moderate interaction
strengths for a d6 transition-metal compound suggest Hund-
metal physics as a key driving force. To investigate this further,
violations of Fermi-liquid theory—a salient feature of strong
Hund metals24,29—were sought in the Mn self-energy term ΣMn.
By inspecting ΣMn(iωn) in Matsubara-frequency space and fitting
its imaginary part to F(ωn)= Kωnα, the exponent α ≈ 0.5–0.6
indeed markedly deviates from the Fermi-liquid value αFL= 1
(Fig. 3d). NFL character surprisingly appears with the moderate
value U= 2 eV, and the {eg, eg′} orbitals foster stronger
correlations than the a1g orbital. Increasing the Hund’s exchange
JH not only enhances correlation strength and NFL character, but
also increases the orbital-resolved self-energy {eg, eg′} vs. a1g
differentiation. This role of JH as an ‘orbital decoupler’ is a further
indication of the relevance of Hund-metal type interactions in
MnSi32.
From experiments, the low-temperature saturated moment
of MnSi is measured to be 0.4 μB. At 300 K, DFT+DMFT
calculations yield a paramagnetic Mn(3d) moment value of 0.3 μB,
which differs from the larger reported local moment of 2.2 μB
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obtained via Curie–Weiss analysis of the high temperature
susceptibility44,45. This supports the arguments of Moriya and
Kawabata46, who demonstrated that the true local-moment
response can be obscured via long-range spin fluctuations near
the zone center, producing a tail in the magnetic susceptibility well
above Tc. As q-dependent spin fluctuations are not included in
single-site DMFT, the temperature dependence of the local
magnetic moment is very weak, and instead our theoretical result
describes the screened long-time moment. Instead, computing the
instantaneous moment however renders a larger minMn=2.73 μB.
This strong deviation between long- and short-time moment is
another fingerprint of Hund metals25.
The imaginary part of the local (momentum-integrated)
magnetic susceptibility χ00loc Eð Þ can then be analyzed and
compared with the experimental results. Figure 4a shows the
measured χ00loc Eð Þ with excitations resolved up to 250 meV. A
prominent peak appears near 30 meV near the onset of the
continuum of spin fluctuations and suggests a low-frequency loss
of spin coherence on the local level. In line with this, our
calculations unveil intricate features in the frequency-dependent
Mn local orbital and local spin susceptibility, as displayed in
Fig. 4b. Below 1 eV, the spin susceptibility in Fig. 4b shows first a
broad maximum at around 320 meV, whereas the orbital
susceptibility first peaks at about twice this value. These energy
scales may be associated with the preformation of local moments
without yet becoming coherently embedded in the itinerant
background. The latter process, surprisingly, takes place at much
lower energies Εs= 55 meV and Εo= 38 meV for the spin and the
orbital degrees of freedom, respectively. The splitting of these two
coherence scales in energy is a key feature of Hund metals33. How
these processes evolve with changing the JH value is described in
Supplementary Fig. 10 and Note 6.
Discussion
The observation of coherence scales well below 100 meV with a
modest U and the loss of coherence Eo < Es in MnSi is unusual.
Theoretical calculations require vertex corrections to capture
these features (Supplementary Fig. 10), whereas the data provide
a sharp observation of a low-energy peak in the local spin
susceptibility. We note here that experimentally resolving the
multipeak structure predicted at low energies is precluded by
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Fig. 2 Parameterization of high-energy spin excitations in MnSi. a, b Combined spin wave dispersion relation along high symmetry directions, collected
with different incident energies. Shaded regions in a are full-width at half maxima (FWHM) from fits to constant E cuts of the spin wave dispersion,
demonstrating broad magnetic excitations along both E and q directions. Green lines in b are fits to the spin wave dispersion in the small q limit, showing
the q2 dependence of spin wave excitations. Dashed lines in b indicate the Brillouin zone boundaries and vertical color bars illustrate the onset of the
continuum. c Simulation of the expected lifetime broadening of spin excitations as they disperse within the continuum compared with the experimental
data along the <110> direction. The color bar denotes scattering intensity in arbitrary units with high intensity in red and low scattering intensity in blue.
d Damping constants γ from damped harmonic oscillator fits to constant q cuts of spin wave dispersion below 20meV, collected with Ei= 30meV at T =
5 K. Solid line is a linear fit to the data. Error bars represent one standard deviation of the data.
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Fig. 3 One-particle properties of the MnSi correlated electronic structure. a Band structure from nonmagnetic DFT. Purple color marks the Mn(3d)
character. b DFT+DMFT k-resolved spectral function in paramagnetic phase for U = 2 eV, JH = 0.65 eV in smaller window (left) and close to the Fermi
level (right). High spectral density is noted as yellow in the color bar and low density as dark blue. The nonmagnetic DFT bands are overlayed (red lines).
c k-integrated spectral function for different interaction strengths. Top: total spectrum with respective Mn(3d) occupation nd, Bottom: orbital-resolved
projection onto the Mn(3d) states and the Si states. d Imaginary part of the Mn self-energy for different interaction strengths at small Matsubara
frequencies ωn = (2n + 1) πT. Left: orbital-averaged –Im ΣMn(iωn) (symbols) with fitting function F(ωn)=Kωnα (lines). Right: orbital-resolved self-energies
for U = 2 eV and JH= 0.35, 0.65 eV.
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Fig. 4 Local susceptibilities for MnSi. a Local magnetic susceptibility determined via inelastic neutron scattering data plotted as a function of energy. The
inset shows the low-energy region (below 25meV) and the linear dependence well below the peak near 30meV. b Local Mn susceptibility calculated via
DFT+DMFT calculations for both orbital (green line) and spin (maroon line). Vertical dashed lines mark peaks above which coherence is lost in both the
orbital and spin sectors. Error bars represent one standard deviation of the data.
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(>300 meV), we ascribe broad peaks in the DFT+DMFT study to
precoherence scales associated with e.g. short-range fluctuations
about the Mn-ions. The remaining higher energy magnetic signal
becomes increasingly diffuse and difficult to experimentally
resolve above the background. Substantial spectral weight should
however persist at these energies as predicted by the DFT
+DMFT, and the integrated spectral weight from Fig. 4a is only
0.18 ± 0.02 μB2/f.u. and well below the paramagnetic local
moment reported for MnSi44.
The prominent role of orbital fluctuations is likely endemic to
the MnSi crystal structure that provides a trigonal setting in a
cubic symmetry. Within this unique environment, strong orbital
fluctuations manifest that only become coherent at a compara-
tively low energy. Specifically, the orbital dependence in the
scattering behavior has a dominant role here, as the orbital-
resolved self-energies on the real-frequency axis (shown in Sup-
plementary Fig. 8 and Note 6) reveal key splittings of the low-
energy extrema within the imaginary part. This can explain the
fact that fluctuations into the a1g orbital, which is designated by
symmetry and proximity to Si, contribute the most to the
emerging orbital coherence scale at low-energy. Figure 4
shows that the local susceptibilities are linear in frequency well
below these coherence scales for both experiment and theory, in
accordance with reaching a Fermi-liquid state33. Note that
although the local susceptibilities are computed for T= 300 K,
they still adequately represent the energy spectrum down to the
Stoner-continuum onset. Experimentally, the temperature
dependence in this energy range is very weak (Supplementary
Fig. 5 and Note 3).
The loss of orbital coherence seemingly coincides with the
divergence of the damped-magnon dispersion within the
particle–hole continuum. This suggests the breakdown of
coherent spin fluctuations due to the coupling of orbital and spin
degrees of freedom as seen in the ferromagnetic Fermi-liquid
theory40,41. Analysis of the DFT+DMFT orbital-resolved fluc-
tuations (Supplementary Information) reveals that the coherence
peaks are dominantly of itinerant eg′ character in the spin channel
as well as dominantly of eg− a1g and eg′− a1g character in the
orbital channel. Hence in MnSi, a coupling of spin and orbital
fluctuations via the eg′ states seemingly drives the observed
phenomenology. This provides an unconventional example of a
Hund metal where first, the orbital coherence scale lies energe-
tically below the spin coherence scale, and second, spin and
orbital fluctuations are considerably intertwined.
Our findings suggest a much broader classification of JH-driven
correlated metals than previously considered. Importantly, many
weak itinerant ferromagnets share many common aspects of the
MnSi phenomenology. MnSi stands as a marked embodiment of
JH-driven effects (e.g. the size of the local moment, the magnitude
of the mass renormalization and the size of the NFL regime), in
line with its ideal Hund-metal local d6 occupation of the
transition-metal site. Other weak ferromagnets (e.g. ZrZn2 or
Ni3Al) formed away from this ideal occupation likely still realize
similar local correlation effects where electron counts larger or
smaller than the ideal local occupation can carry over relevant
Hund physics for a sizable JH/U ratio47.
Methods
Inelastic neutron scattering experiments. A single crystal with a mass of 52 g
was used for time-of-flight inelastic neutron scattering experiments at SEQUOIA48,
Spallation Neutron Source at Oak Ridge National Laboratory. Data were collected
with different incident energies Ei = 18, 30, 70, 150, 300, 700 meV at T = 5 K.
Some higher temperature data (up to T = 300 K) were also collected at select
incident energies; however, no appreciable difference is found for high-energy spin
wave excitations even at T = 300 K. The background is corrected using the
intensity at larger Q zone centers where magnetic contributions are negligible. The
magnetic form factor term for Mn3+ in the scattering cross section is accounted for
and removed for after nonmagnetic background contributions were removed.
Sample growth and characterization details can be found in ref. 49. Data were
analyzed using the software package Horace50 as described in Supplementary
Note 1.
Ferromagnetic Fermi-liquid calculations. We use the version of the ferromag-
netic Fermi-liquid theory (FFLT), where the Fermi-liquid phenomenology is
augmented with the Ginzburg–Landau theory for a small moment
ferromagnet40,41. The transport and dynamical equations for the FFLT follow from
the steady state and time evolution equations of the magnetization distribution
function. This leads directly to the prediction of the existence of the amplitude
mode when the l= 1 Fermi-liquid parameter is included we used other experi-
mental measurements to get the magnitude of the amplitude mode for MnSi40,41.
This is predicted to be about 50 meV at q= 0 and it drops to about 25 meV when
the Goldstone mode crosses with the amplitude mode inside the particle–hole
continuum. The spin hydrodynamic equations were developed here to make the
plot of Fig. 2c as detailed in the Supplementary Note 2.
DFT+DMFT calculations. The cubic B20 crystal structure (space group P213) of
MnSi has an internal trigonal distortion along the <111> cube diagonal, which
breaks inversion symmetry. As a result, there are seven Si neighbors for each Mn,
grouped into three classes of different bond lengths (Supplementary Note 4). The
primitive cell includes four formula units, with all Mn(Si) sites being symmetry-
equivalent, and the Mn(3d) states split into three symmetry classes: eg (degeneracy
2), eg′ (degeneracy 2) and a1g (degeneracy 1). A charge self-consistent combination
of density functional theory (DFT) and dynamical mean-field theory (DMFT) is
employed for the one-particle properties51. A mixed-basis pseudopotential
method52,53 is used for the DFT part with the generalized-gradient approximation.
Within the mixed basis, localized functions for Mn(3d), Si(3s), (3p) and Si(3d) are
utilized to reduce the plane-wave energy cutoff. The correlated subspace for the
DMFT part consists of the effective Mn(3d) Wannier-like functions as obtained
from a projected-local-orbital formalism54. A five-orbital Slater–Kanamori Hub-
bard Hamiltonian parametrized by a Hubbard U and a Hund’s exchange JH is
applied on the Mn sites. Four symmetry-equivalent Mn sites are in the primitive
MnSi cell with lattice parameter a = 4.558 Å55,56. The single-site DMFT impurity
problem is solved by the continuous-time quantum Monte Carlo scheme in
hybridization expansion as implemented in the TRIQS package57,58. A double-
counting correction of fully localized-limit type is used59. The system temperature
is set to T= 300 K. Paramagnetism is assumed in all the computations and
spin–orbit coupling is neglected. One-particle spectral information is obtained
from analytical continuation via the maximum-entropy method as well as the Pade
method.
Experimental estimates of the strength of local Coulomb interactions in MnSi
favor a rather low value of U= 2–3 eV16, which guided the selection in our
calculations. For reference, Fig. 3c shows a comparison of the k-integrated spectral
function Atot(ω) for U= 2 eV and U= 4 eV. Because of the large effective Mn
bandwidth, there are no essential differences in Atot(ω) between these different
interaction strengths; however, the established renormalization of the strong
original Mn(3d) peak at −1.9 eV within DFT toward the −1.5 eV observed in
valence-band photoemission is better described for the lower U= 2 eV value. The
site and orbital projection Aproj(ω) unravels the strong intermixing between
especially Si(3p) and Mn(3d) states and shows that electronic correlations are
effective in shifting the Si states into lower-energy regions. The remaining
contributions close to εF within the Mn manifold demonstrate that the Mn-eg′
orbital supports the itinerant-electron character strongest.
Local susceptibilities are computed by DFT+DMFT without charge self-
consistency using the Hirsch–Fye quantum Monte Carlo scheme. Analytical
continuation of the local susceptibilities is performed with the stochastic
optimization method (SOM)60 (i.e. Mishchenko method) as implemented in the
TRIQS/SOM package61. The standard SOM procedure is combined with projection
on a very fine energy grid and subsequent rebinning onto a sparser grid. This
approach strongly suppresses the stochastic noise and allows to reliably resolve the
low-energy spectral features in the computed susceptibilities. The paramagnetic
local magnetic moment M on the Mn sites is obtained from computing χloc(ω= 0)
by integrating the local spin susceptibility over imaginary times, and employing the
Curie–Weiss formula χloc =M2/(3T).
Data availability
All data are available from the corresponding authors upon request.
Code availability
All codes used in generating results are available from the corresponding authors upon
request.
Received: 11 February 2020; Accepted: 29 May 2020;
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-16868-4
6 NATURE COMMUNICATIONS |         (2020) 11:3076 | https://doi.org/10.1038/s41467-020-16868-4 | www.nature.com/naturecommunications
References
1. Löhneysen, H. V., Rosch, A., Vojta, M. & Wölfle, P. Fermi-liquid instabilities
at magnetic quantum phase transitions. Rev. Mod. Phys. 79, 1015 (2007).
2. Brando, M., Belitz, D., Grosche, F. M. & Kirkpatrick, T. R. Metallic quantum
ferromagnets. Rev. Mod. Phys. 88, 025006 (2016).
3. Moriya, T. ôru Theory of itinerant electron magnetism. J. Magn. Magn. Mater.
100, 261–271 (1991).
4. Bloch, D., Voiron, J., Jaccarino, V. & Wernick., J. H. The high field-high
pressure magnetic properties of MnSi. Phys. Lett. A 51, 259–261 (1975).
5. Williams, H. J., Wernick, J. H., Sherwood, R. C. & Wertheim, G. K. Magnetic
properties of the monosilicides of some 3 d transition elements. J. Appl. Phys.
37, 1256–1256 (1966).
6. Thompson, J. D., Fisk, Z. & Lonzarich, G. G. Perspective on heavy-electron
and Kondo-lattice systems from high pressure studies. Phys. B 161, 317–323
(1990).
7. Pfleiderer, C., Julian, S. R. & Lonzarich, G. G. Non-Fermi-liquid nature of the
normal state of itinerant-electron ferromagnets. Nature 414, 427 (2001).
8. Ishikawa, Y. & Arai, M. Magnetic phase diagram of MnSi near critical
temperature studied by neutron small angle scattering. J. Phys. Soc. Jpn 53,
2726–2733 (1984).
9. Mühlbauer, S. et al. Skyrmion lattice in a chiral magnet. Science 323, 915–919
(2009).
10. Ishikawa, E. A. Y., Tajima, K., Bloch, D. & Roth, M. Helical spin structure in
manganese silicide MnSi. Solid State Commun. 19, 525–528 (1976).
11. Bogdanov, A. & Hubert, A. Thermodynamically stable magnetic vortex states
in magnetic crystals. J. Magn. Magn. Mater. 138, 255–269 (1994).
12. Neubauer, A. et al. Topological Hall effect in the A phase of MnSi. Phys. Rev.
Lett. 102, 186602 (2009).
13. Jonietz, F. et al. Spin transfer torques in MnSi at ultralow current densities.
Science 330, 1648–1651 (2010).
14. Ishikawa, Y., Shirane, G., Tarvin, J. A. & Kohgi, M. Magnetic excitations in the
weak itinerant ferromagnet MnSi. Phys. Rev. B 16, 4956 (1977).
15. Ishikawa, Y., Noda, Y., Uemura, Y. J., Majkrzak, C. F. & Shirane, G.
Paramagnetic spin fluctuations in the weak itinerant-electron ferromagnet
MnSi. Phys. Rev. B 31, 5884 (1985).
16. Yasuoka, H., Jaccarino, V., Sherwood, R. C. & Wernick, J. H. NMR and
susceptibility studies of MnSi above Tc. J. Phys. Soc. Jpn 44, 842–849 (1978).
17. Janoschek, M. et al. Helimagnon bands as universal excitations of chiral
magnets. Phys. Rev. B 81, 214436 (2010).
18. Nicolaou, Alessandro et al. Fermi surface symmetry and evolution of the
electronic structure across the paramagnetic-helimagnetic transition in MnSi/
Si (111). Phys. Rev. B 92, 081110 (2015).
19. Carbone, F. et al. Electronic structure of MnSi: the role of electron-electron
interactions. Phys. Rev. B 73, 085114 (2006).
20. Taillefer, L., Lonzarich, G. G. & Strange, P. The band magnetism of MnSi. J.
Magn. Magn. Mater. 54, 957–958 (1986).
21. Mena, F. P. et al. Heavy carriers and non-Drude optical conductivity in MnSi.
Phys. Rev. B 67, 241101 (2003).
22. Janoschek, M. et al. The valence-fluctuating ground state of plutonium. Sci.
Adv. 1, e1500188 (2015).
23. Goremychkin, E. A. et al. Coherent band excitations in CePd3: a comparison
of neutron scattering and ab initio theory. Science 359, 186–191 (2018).
24. Dai, P., Hu, J. & Dagotto, E. Magnetism and its microscopic origin in iron-
based high-temperature superconductors. Nat. Phys. 8, 709 (2012).
25. Toschi, A., Arita, R., Hansmann, P., Sangiovanni, G. & Held, K. Quantum
dynamical screening of the local magnetic moment in Fe-based
superconductors. Phys. Rev. B 86, 064411 (2012).
26. Werner, P., Gull, E., Troyer, M. & Millis, A. J. Spin freezing transition and
non-Fermi-liquid self-energy in a three-orbital model. Phys. Rev. Lett. 101,
166405 (2008).
27. Haule, K. & Kotliar, G. Coherence–incoherence crossover in the normal state
of iron oxypnictides and importance of Hund’s rule coupling. N. J. Phys. 11,
025021 (2009).
28. De’Medici, L., Mravlje, J. & Georges, A. Janus-faced influence of Hund’s rule
coupling in strongly correlated materials. Phys. Rev. Lett. 107, 256401 (2011).
29. Werner, Philipp et al. Satellites and large doping and temperature dependence
of electronic properties in hole-doped BaFe2As2. Nat. Phys. 8, 331 (2012).
30. Yin, Z. P., Kristjan, H. & Kotliar, G. Fractional power-law behavior and its
origin in iron-chalcogenide and ruthenate superconductors: insights from
first-principles calculations. Phys. Rev. B 86, 195141 (2012).
31. Dang, H. T., Mravlje, J., Georges, A. & Millis, A. J. Electronic correlations,
magnetism, and Hund’s rule coupling in the ruthenium perovskites SrRuO3
and CaRuO3. Phys. Rev. B 91, 195149 (2015).
32. Georges, A., de’Medici, L. & Mravlje, J. Strong correlations from Hund’s
coupling. Ann. Rev. Condens. Matter Phys 4, 137–178 (2013).
33. Stadler, K. M., Kotliar, G., Weichselbaum, A. & von Delft, J. Hundness versus
Mottness in a three-band Hubbard–Hund model: on the origin of strong
correlations in Hund metals. Ann. Phys. 405, 365–409 (2019).
34. Ishikawa, Y., Noda, Y., Fincher, C. & Shirane, G. Low-energy paramagnetic
spin fluctuations in the weak itinerant ferromagnet MnSi. Phys. Rev. B 25, 254
(1982).
35. Collins, M. F., Minkiewicz, V. J., Nathans, R., Passell, L. & Shirane, G.
Critical and spin-wave scattering of neutrons from iron. Phys. Rev. 179, 417
(1969).
36. Minkiewicz, V. J., Collins, M. F., Nathans, R. & Shirane, G. Critical and spin-
wave fluctuations in nickel by neutron scattering. Phys. Rev. 182, 624 (1969).
37. Zhao, J. et al. Spin waves and magnetic exchange interactions in CaFe2As2.
Nat. Phys. 5, 555 (2009).
38. Diallo, S. O. et al. Itinerant magnetic excitations in antiferromagnetic
CaFe2As2. Phys. Rev. Lett. 102, 187206 (2009).
39. Nagaoka, Y. Dynamical theory of spin waves in ferromagnetic metals with s-d
exchange interaction. Prog. Theor. Phys. 28, 1033–1047 (1962).
40. Zhang, Y., Farinas, P. F. & Bedell, K. S. The Higgs’ amplitude mode in weak
ferromagnetic metals. Acta Phys. Pol. A 127, 153 (2015).
41. Bedell, K. S. & Blagoev, K. B. Quantum spin hydrodynamics and a new
spin-current mode in ferromagnetic metals. Philos. Mag. Lett. 81, 511–517
(2001).
42. Zhang, Y. & Bedell, K. S. Spin orbit magnetism and unconventional
superconductivity. Phys. Rev. B 87, 115134 (2013).
43. Engelbrecht, J. R. & Bedell, K. S. Robustness of a local Fermi liquid against
ferromagnetism and phase separation. Phys. Rev. Lett. 74, 4265 (1995).
44. Stishov, S. M. et al. Magnetic phase transition in the itinerant helimagnet
MnSi: thermodynamic and transport properties. Phys. Rev. B 76, 052405
(2007).
45. Yasuoka, H., Jaccarino, V., Sherwood, R. C. & Wernick, J. H. NMR and
susceptibility studies of MnSi above Tc. J. Phys. Soc. Jpn 44, 842–849 (1978).
46. Moriya, T. O. & Kawabata, A. Effect of spin fluctuations on itinerant electron
ferromagnetism. J. Phys. Soc. Jpn 34, 639–651 (1973).
47. Piefke, C. & Lechermann, F. Rigorous symmetry adaptation of multiorbital
rotationally invariant slave-boson theory with application to Hund’s rules
physics. Phys. Rev. B 97, 125154 (2018).
48. Granroth, G. E. et al. SEQUOIA: a newly operating chopper spectrometer at
the SNS. J. Phys. Conf. Ser. 251, 012058 (2010).
49. Goko, T. et al. Restoration of quantum critical behavior by disorder in
pressure-tuned (Mn, Fe)Si. NPJ Quant. Mater. 2, 44 (2017).
50. Ewings, R. et al. Horace: software for the analysis of data from single crystal
spectroscopy experiments at time-of-flight neutron instruments. Nucl.
Instrum. Methods Phys. Res. Sect. A 834, 132 (2016).
51. Grieger, D., Piefke, C., Peil, O. E. & Lechermann, F. Approaching finite-
temperature phase diagrams of strongly correlated materials: a case study for
V2O3. Phys. Rev. B 86, 155121 (2012).
52. Elsasser, C. et al. Relativistic effects on ground state properties of 4d and 5d
transition metals. J. Phys. 2, 4371 (1990).
53. Meyer, B., Elsässer, C., Lechermann, F., & Fähnle, M. FORTRAN90 Program
for Mixed-Basis-Pseudopotential Calculations for Crystals (Max-Planck-
Institut für Metallforschung, Stuttgart, 1998)
54. Amadon, B. et al. Plane-wave based electronic structure calculations for
correlated materials using dynamical mean-field theory and projected local
orbitals. Phys. Rev. B 77, 205112 (2008).
55. Jeong, T. & Pickett, W. E. Implications of the B20 crystal structure for the
magnetoelectronic structure of MnSi. Phys. Rev. B 70, 075114 (2004).
56. Nakanishi, O., Yanase, A. & Hasegawa, A. Electronic energy band structure of
MnSi. J. Magn. Magn. Mater. 15-18, 879 (1980).
57. Parcollet, O. et al. TRIQS: a toolbox for research on interacting quantum
systems. Comput. Phys. Commun. 196, 398–415 (2015).
58. Seth, P., Krivenko, I., Ferrero, M. & Parcollet, O. TRIQS/CTHYB: a
continuous-time quantum Monte Carlo hybridisation expansion solver for
quantum impurity problems. Comput. Phys. Commun. 200, 274–284 (2016).
59. Anisimov, V., Solovyev, I. V., Korotin, M. A., Czyżyk, M. T. & Sawatzky, G. A.
Density-functional theory and NiO photoemission spectra. Phys. Rev. B 48,
16929 (1993).
60. Mishchenko, A. S., Prokof’ev, N. V., Sakamoto, A. & Svistunov, B. V.
Diagrammatic quantum Monte Carlo study of the Fröhlich polaron. Phys. Rev.
B 62, 6317 (2000).
61. Krivenko, I. & Harland, M. TRIQS/SOM: implementation of the stochastic
optimization method for analytic continuation. Comput. Phys. Commun. 239,
166–183 (2019).
Acknowledgements
X.C. thanks fruitful discussions with Yi Zhang. F.L. thanks A. Georges and G. Kotliar for
helpful discussions. K.S.B. thanks J. Heath, P. Farinas, K. Blagoev and Yi Zhang for
insightful discussions. This work was supported by the MRSEC Program of the National
Science Foundation under Award No. DMR 1720256 (S.D.W. and X.C.). F.L. is sup-
ported by the Deutsche Forschungsgemeinschaft (DFG) under the project LE-2446/4-1.
I.K. is supported by The Simons Foundation. DFT+DMFT computations were
NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-16868-4 ARTICLE
NATURE COMMUNICATIONS |         (2020) 11:3076 | https://doi.org/10.1038/s41467-020-16868-4 | www.nature.com/naturecommunications 7
performed at the JUWELS Cluster of the Jülich Supercomputing Centre (JSC) under the
project hhh08, as well as at the Physnet Computing Cluster of the University of Ham-
burg. D.R. was supported by the DOE, Office of Basic Energy Sciences, Office of Science,
under Contract No. DE-SC0006939. A portion of this research used resources at the
Spallation Neutron Source, a DOE Office of Science User Facility operated by Oak Ridge
National Laboratory.
Author contributions
T.W. synthesized and characterized the MnSi single crystals. X.C., D.R. and S.D.W.
performed the inelastic neutron scattering experiment with the help from M.B.S. and
A.I.K. X.C. analyzed the experimental data. S.D.W. and K.B. designed the experiments.
F.L. and I.K. performed the DFT+DMFT calculations and analyzed the numerical data.
X.C., F.L. and S.D.W. prepared the manuscript with the input from all other co-authors.
Competing interests
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-16868-4.
Correspondence and requests for materials should be addressed to F.L. or S.D.W.
Peer review information Nature Communications thanks Tobias Weber and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2020
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-16868-4
8 NATURE COMMUNICATIONS |         (2020) 11:3076 | https://doi.org/10.1038/s41467-020-16868-4 | www.nature.com/naturecommunications
